Received for publication January 21, 1957 In Bacillus megaterium, the transition from bacterial spore to vegetative cell has been divided into phases of germination, swelling, emergence, elongation, and cell division. This has been demonstrated both in simple ) and in complex (Mandels et al., 1956 ) media, the primary tool for quantitative measurement being the change in respiratory rate accompanying each new developmental phase.
Germination, roughly equivalent to "prevegetation" (Jensen, 1950) and to "step a" in the developmental sequence of Schmidt (1955) , is defined as the spore's initial loss of heat resistance accompanied by increased metabolic activity; stainability with methylene blue; and loss of refractility. The appearance of translucent areas (Hachisuka et al., 1955) may also be a criterion of germination. We describe later stages as "postgerminative development," or simply "development," which is equivalent to "outgrowth" as used by O'Brien and Campbell (1956) .
The nutritional requirements for postgerminative development are not known. Spores germinate rapidly in a neutral phosphate buffered medium containing L-alanine and glucose, or MnSO4 and glucose, but in the former medium they fail to develop further. MnSO4 appears to act in a dual role, stimulating rapid initial germination and promoting postgerminative development.
The present study was Levinson and Sevag (1953) , were pooled in May, 1956 , from a series of 18 harvests (November, 1955 -April, 1956 ). These spores contained 0.2-0.4 per cent sulfur as determined by a modification of the method of Carius (Steyermark, 1951) . Heat activated spores were used in all experiments. Heat shock was accomplished by a 5 min immersion of spores, suspended in phosphate buffer, pH 6.8, in a water bath at 50 C. Higher percentages of germination were attained by these spores than by those previously described (data of Levinson and Hyatt, 1956 Percentage germination of spores, incubated in Warburg vessels under the same conditions as for respiration studies, was determined by a modification (Levinson and Sevag, 1953) of the method of Powell (1950) . Germinated spores were differentiated from ungerminated spores by their stainability with methylene blue.
Oxygen consumption was measured at 30 C by conventional Warburg techniques, using 0.3 ml substrate in the sidearm, 1.5 mg of heat shocked spores in 1.2 ml of phosphate buffer, pH 6.8, in the main chamber, and 0.2 ml of 10 per cent KOH in the center well. When additional sulfur sources or chelating agents were added at different time intervals, 0.3 ml substrate and 1.5 mg of spores in 1.0 ml buffer were placed in the main chamber, and 0. All concentrations are final, after tipping.
RESULTS
The spores used in these experiments show the same pattern of respiratory activity as those used previously in which this transition can occur provided a basis for possible delimitation of the nutritional requirements for each of the stages of postgerminative development. The data reported here lend experimental support to the postulate that the nutritional requirements, and possibly the metabolic pathways, undergo definite qualitative changes as the germinated spore swells, emerges, elongates, and divides.
In a phosphate buffered medium containing glucose, L-alanine greatly stimulates spore germination, but does not promote postgerminative development of the spores Fitz-James, 1955) . While the stimulation of germination by a substance not supporting vegetative growth had been reported previously (Pulvertaft and Haynes, 1951) , 1952) . Scherr and Weaver (1953) , in their review of the dimorphism phenomenon in yeasts, implicate sulfhydryl groups in the process of cell division. In promotion of postgerminative spore development, however, cysteine does not appear to act by virtue of its sulfhydryl group, since it is no more active than is S04=. Co++ and Ni+ have no effect on germination, but their differential inhibition of postgerminative development is extremely interesting and appears to provide a useful tool for further delimitation of the nutritional requirements and of the metabolic mechanisms characteristic of each developmental stage. Co++, added to spores incubating with K2SO4 and glucose, is inhibitory only at stages prior to emergence, i.e., swelling, while Ni++ is inhibitory at stages prior to cell division, i.e., swelling, emergence, and elongation. The differential inhibition by Co, and Ni+ of the formation and utilization of enzyme precursors in an adaptive enzyme system of Pseudomonas aeruginosa (Bernheim, 1954) may be relevant here. The toxicity of Co++ and Nil to bacteria and fungi has been attributed to interference with the normal role of magnesium in cellular metabolism (Abelson and Aldous, 1950; Webb, 1951; Shankar and Bard, 1955) . Since magnesium is present in the spore (Curran et al., 1943) , Co++ and Nil may be interfering with a role of this metal in postgerminative development. It is also possible that Co-acts to inhibit sulfhydryl enzymes (Levy et al., 1950) . The change in respiratory rate after long incubation of spores with Co++ and Ni+ may be due to binding of these cations by substances secreted into the medium by germinating spores.
We propose that, in addition to a sulfur source, added phosphate at neutral pH may be required for the completion of the transition from germinated spore to vegetative cell. Phosphate is not necessary for germination itself. Spores will germinate in acetate , barbital, or tris buffered systems (unpublished data), but no postgerminative development occurs. Germinated spores do not develop in phosphate buffered media at pH 6.0 . Our data are inconclusive as to the necessity for phosphate, as acetate, tris and barbital buffers, either do not maintain a pH near neutrality or are in themselves inhibitory to postgerminative changes. Inorganic phosphate does disappear from a medium in which spores are developing (unpublished data). Hachisuka et al. (1956) suggest that there is a difference in the phosphate requirement for glucose oxidation in resting spores, germinating spores, and vegetative cells of Bacillus subtilis. Glucose and a nitrogen source (ammonium acetate) have been included in all experiments, so we can reach no conclusion regarding nutritional requirements for these substances in germination and at the various stages of postgerminative development.
The amino acid requirements for vegetative cell growth in certain thermophilic bacteria and in Bacillus cereus var. terminalis are different from the requirements for germination and outgrowth (O'Brien and Campbell, 1956 ). We have distinguished between the requirements for germination of B. megaterium spores and those for postgerminative development (outgrowth). Our evidence suggests that a different metabolic pathway requiring a compound of sulfur content and, possibly, added phosphate may be operative in postgerminative development.
